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(Received May 1, 1995) To provide an insight into the relation between structural characteristics of petroleum heavy oils and their thermal cracking properties, structural analysis of three kinds of deasphalted oils (DAO) by chromatographic separation, followed by 1H and 13C NMR and Curie-point pyrolysis of the oils and their fractions (S: saturates, A: aromatics, and P: polar compounds), was carried out. The oils employed were prepared from the vacuum residues of two Indonesian crudes (Minas and Duri) and an Arabian mixture (AL/AM) using pentane as solvent.
The results of structural analysis suggested that aliphatic portion of Minas and Duri-DAO consisted mainly of straight paraffins, whereas a considerable portion of AL/ irrespective of the oils, the amount of coke from their fractions decreased following the order P>A>S. It was also found that the coke formation from each P or A fraction could be suppressed by adding the saturate fraction, AL/AM-DAO-S, whereas in the case of using Minasor Duri-DAO-S, no effect of the addition was observed. These results suggest a possibility that unique properties of AL/AM-DAO-S observed may be due to the presence of a considerable amount of active hydrogen in the naphthenic components.
Introduction
Development of further effective utilization techniques for heavy oils is currently one of the most important propositions in petroleum industry.
To achieve it, it is generally considered to be basically important to comprehend their structural nature; and a number of methods for their chemical characterization by means of hydrocarbon type analysis by chromatographic separation, instrumental analysis including NMR and MS, and their combinations1)-12) have been employed.
The structural variation may also affect their reactivity, i.e. cracking properties. Although the relation between their structural and compositional features and catalytic13)-20) and thermal21)-24) cracking characteristics has also been discussed, further fundamental investigations into it appear to be required for more efficient development.
In the light of these considerations, structural analysis of three typical kinds of petroleum deasphalted oils (DAO) by chromatographic separation, followed by 1H and 13C NMR analyses and Curie-point pyrolysis of the oils and their fractions, was carried out to provide an insight into the relation between structural characteristics of heavy oils and their thermal cracking behaviors.
The results are described herein.
Experimental

2.1.
Sample Preparation The deasphalted oils (DAO) employed were prepared from the atmospheric residues of two Indonesian crudes (Minas and Duri) and an Arabian mixture (AL/AM) (Fig. 1) . Kugelrohr distillation of each atmospheric residue (ca. 5g) at corresponding vacuum gas oil (VGO) and vacuum residue. Benzene (10cm3) was then added to the residue (ca. 3g) and the resulting solution was poured into pentane (200cm3).
After filtration of the mixture to remove the precipitated asphaltene, the solvent was evaporated to give deasphalted oil sample (DAO).
2.2.
Chromatographic Separation DAO samples were fractionated by column chromatography.
The column used was a glass mm), and silica gel (30g) (Wakogel C 200, Wako * To whom correspondence should be addressed.
for 24h under reduced pressure (1mmHg). About 1g of each sample was diluted with pentane (ca. 5cm3) and adsorbed onto the packed material. Successive elution with pentane (90cm3), pentane (80cm3), pentane/CH2Cl2 (4:1v/v, 150cm3), and CH2Cl2/methanol (9:1v/v, 150cm3) yielded four fractions which were defined as saturates-1 (S-1), saturates-2 (S-2), aromatics (A), and polar compounds (P), respectively. 1H NMR analysis indicated that the S-1 fraction essentially consisted of aliphatic compounds, while S-2 contained small amounts of aromatic components. The total recovery of each sample was >95%.
The VGO samples were also separated similarly to facilitate comparison.
Instrumental Analysis
1H and 13C NMR spectra of the DAO and VGO samples and their fractions were recorded on a JEOL JNM-GSX-400 spectrometer for CDCl3 solutions. Elemental analysis of the samples was performed using a Perkin-Elmer 240 CHN-corder. GC analysis of the VGO samples was carried out using a Shimadzu GC-8APF gas chromatograph equipped with a CBP-1 capillary column (inner In the 1H NMR analysis, regions of 0.20-1.05, 1.05-2.00, 2.00-3.40, and 6.00-9.20 were assigned as reported previously25).
2.4.
Curie-point Pyrolysis Curie-point pyrolysis gas chromatographic (Py-GC) and mass spectrometric (Py-GC-MS) analyses were carried out by using a Japan Analytical Industry JHP-3 type Curie-point pyrolyzer equipped with a Shimadzu GC-14BPFSC gas chromatograph (CBP-1 capillary column, inner diameter pyrolyzer equipped with a JEOL JMS-DX-303 GC-MS spectrometer, respectively. Acquisition and analysis of MS data were carried out on a JEOL JMA-DA-5100 data station. Each sample (ca.
rate of 2500K/s under nitrogen stream. The products remained on pyrocell and pyrofoil were defined as tar and coke, respectively26). The weight of volatiles, which were introduced into GC, was calculated using the following equation: weight of volatiles=weight of sample-weight of tar-weight of coke. It is noted that under the conditions, model substrates such as octadecylbenzene and -naphthalene can be pyrolyzed with reasonable conversions26). Table 1 shows the composition of atmospheric residues of Minas, Duri, and AL/AM crude oils determined by distillation and solvent separation. The atmospheric residue of Minas was found to contain a larger amount of VGO than Duri and AL/AM; the latter two oils had similar compositions. Table 2 indicates the results of chromatographic separation of the VGO and DAO samples into saturates, aromatics, and polar compounds. Each sample with the exception of the AL/AM-DAO sample which contained a relatively large amount of aromatics gave saturates as the major fraction. Table 3 summarizes H/C atomic ratio, nitrogen and sulfur contents, fa value (aromaticity index), This value is an index of average linearity of paraffinic moieties of a given oil; a sample with a higher Lp value means a higher composition in isoparaffins, whereas a lower Lp value means richer in linear paraffins. It can be seen from Table 3 that saturates-1 of Minas and Duri-DAO have relatively low Lp values, 0.16 and 0.18, suggesting that they contain large amounts of paraffins with higher linearity compared with AL/AM-DAO (Lp=0.32), as generally considered for the oils5). It is also worth noting that saturates of Duri-VGO have a considerably higher Lp value than that of Duri-DAO, while the values of Minas-and AL/ AM-VGO are similar to those of the corresponding DAO fractions. This may suggest that the paraffin structure of Duri crude along with its boiling range is not continuous; consequently, the VGO-S fractions have been subjected to GC analysis. The chromatograms (Fig. 2) were markedly different in their patterns. In consistent with the Lp value, Minas-VGO-S showed a series of regular peaks which were due to the linear paraffins in a range of about C15-C30. By contrast, the chromatogram of Duri-VGO-S was rather complex. This may be due to the higher content of isoparaffins and/or naphthenic compounds. AL/AM-VGO-S showed a chromatogram like that of a combination of Minas-VGO-S and Duri-DAO-S.
Results and Discussion
Composition of Oil Samples
Elemental and NMR Analyses
Aromatics and polar compounds fractions of the DAO samples appeared to have similar fa values in the range of 0.31-0.34, irrespective of the crudes, suggesting that these fractions have similar aromatization degrees. Figure 3 It is noted that Duri-DAO-S-1 showed a spectrum similar to that of Minas-DAO-S-1.
The methylene peaks around 27 and 37ppm and the methine peak around 33ppm may suggest the presence of naphthenic compounds along with isoparaffins28). These peaks are observed as significantly strong ones in the spectrum of AL/AM-DAO-S-1, suggesting that the fraction contains a considerable amount of naphthenic compounds. This may be the major reason that the Lp value of AL/AM-DAO-S-1 is larger than that of Minasand of Duri-DAO-S-1.
Curie-point Pyrolysis
The results of Curie-point pyrolysis of the presented in Table 4 in which the product distribution is also presented. Figures 4 and 5 show the pyrograms of saturates-1 and aromatics, i.e. chromatograms of volatile matters. It was confirmed that each DAO sample gave almost no peaks when it was directly injected to GC, suggesting that the peaks observed in the pyrograms were attributable to the pyrolytic products. The periodic couple peaks in each pyrogram were attributable to n-alkane and n-alkene pairs by Py-GC-MS. It is noted that the product distribution in the pyrograms does not directly correlate with the chain length composition in the samples, since a long chain alkane undergoes pyrolysis to give a mixture of various alkanes and alkenes under the same conditions26). However, it can be seen that the existence of compounds at least up to C30 can be confirmed. Minas-and Duri-DAO-S-1 gave rather linear base lines in their pyrograms (Fig. 4) . This suggests that the fractions contain long n-paraffins as predominant components, as indicated by their 1H and 13C NMR spectra. On the other hand, AL/AM-DAO-S-1 gave a relatively broad base line and there was a considerable number of peaks between the nalkane/n-alkene pair peaks. Based on the results of its 1H and 13C NMR analyses, the peaks and the base line may be due to the various isomers of naphthenic compounds as well as to isoparaffins. In contrast to their saturates, Minas-and Duri-DAO-A showed broad base lines. This may be attributable to the formation of various alkyl aromatic compounds by pyrolysis.
The amount of coke formed in the pyrolysis of the whole DAO samples decreased in the order Duri (15%)>Minas (9%)>AL/AM (3%) ( Table 4) . Irrespective of the original crudes, the coke yield from their fractions decreased following the order P (22-29%)>A (6-15%)>S (1-8%). It was of quite interest to note that pyrolysis of the whole AL/ AM-DAO sample produced a smaller yield of coke (3%) than was expected from the content of the fractions and their coking properties, whereas Minas-and Duri-DAO gave rather normal yields of coke. This may imply that S fraction, AL/ AM-DAO-S-1, suppresses the coke formation from its A and P fractions. Consequently, the pyrolysis of A and P fractions of Minas-and Duri-DAO was conducted by mixing the same amount of AL/AM-DAO-S-1.
The results are shown in Table 5 . It can be seen that only a negligible amount of coke (<1%) was formed from Minas-DAO-A, and the coke formation from Minas-DAO-P was significantly suppressed. The P and A fractions of Duri-DAO similarly yielded smaller amounts of coke in the presence of AL/AM-DAO-S-1.
The above pyrolysis data together with the results of structural analyses lead us to deduce that one of the major factors of the unique properties of AL/AM-DAO-S-1, suppressing coke formation, can be attributed to the presence of considerable amounts of naphthenic components.
In turn, the difference between Minas-and Duri-DAO-S and AL/AM-DAO-S in their coking properties could also be interpreted in terms of the donating ability of hydrogen. Naphthenic compounds may release hydrogen more easily than n-paraffins accompanied by aromatization to suppress coke formation.
Conclusion
In the present study, structural analysis of three kinds of deasphalted oils (DAO) derived from two Indonesian crudes (Minas and Duri) and an Arabian mixture (AL/AM) and Curie-point pyrolysis of the oils and their fractions (S: saturates, A: aromatics, and P: polar compounds) were carried out to provide an insight into the relation between structural characteristics of petroleum heavy oils and their thermal cracking properties. The results obtained are as follows: 1) Minas-and Duri-DAO contain saturates (S) as their major component, whereas a relatively large amount of aromatics (A) is found in AL/ AM-DAO.
2) The Minas-and Duri-DAO-S fractions consist mainly of long linear paraffins, as has been generally considered, while considerable amounts of naphthenic compounds are found in AL/AM-DAO-S. 3) In the Curie-point pyrolysis of the whole DAO samples, the amount of coke formed decreases in the order Duri>Minas>AL/AM.
Irrespective of the original crudes, the coke yield from the fractions decreased as follows P>A>S. 4) The major reason as to why AL/AM-DAO produces a remarkably small amount of coke can be attributed to the existence of a considerable amount of naphthenic compounds which may donate hydrogen more easily than straight paraffins. This concept may be supported by the fact that coke formation in the pyrolysis of A and P fractions of Minas-and Duri-DAO is markedly suppressed by mixing them with AL/AM-DAO-S. To ascertain this consideration, futher studies using model compounds as hydrogen donors will be carried out. (wt/wt). S-1: saturates-1, A: aromatics, P: polar compounds.
